The behavior of RC elements under torsion is a challenging field. Numerical methods have been extensively used for this purpose preferably to experimental studies that are associated with rather high costs and difficulties. The present study aims to examine the possibility of the non-linear analysis of RC beams subjected to torsion using the smeared crack model. For this purpose, 14 experimental samples previously studied by other researchers were selected and modeled using ANSYS. The specimens included 12 rectangular sections, one hollow (box-like) section, and one T-shaped section. The specimens were modeled in FE software and were subjected to monotonic loading up to failure. The results indicated that the adopted smeared crack model is capable of making relatively acceptable estimations of torsional capacity of the specimens such as their cracking and failure moments; however, it underestimates the ultimate rotation. Discussion on inadequacy of the smeared crack model for nonlinear modeling of RC beams under torsion is the main target of this paper.
Introduction
The study of torsion as a problem of elasticity dates back to more than a century ago (Ameli 2005) . Analysis of concrete elements under torsion has been paid due attention for about 70 years by researchers (Rahal 1993) . Torsion problem is a rather difficult task in analytical works as well as experimental attempts compare to the other type of loads (Ameli and Ronagh 2007; Salom et al. 2004 ; Ghobarah et al. 2002) . On the one hand, performing experimental tests to study pure torsion problem or torsion and shear simultaneously is very hard work. On the other hand, experimental specimens are limited in number because of the costliness of tests. Thus, before performing experiments, finite-element analysis as a more economic study helps have optimal specimens before undergoing experiments. That's why many researchers have so far intended to analyze concrete elements numerically. Although many studies have been made regarding nonlinear analysis of elements under bending, shear, and combination of bending and compression, i.e. columns (Kachlakev et al. 2001; Talaeitaba 2003) , fewer have been made about torsion (Wei 2005) . On the other hand, since the behavior of concrete under torsion is similar to that of shear in most brittle elements even though bending has much ductility in beams, studying the influential factors on torsion is of great significance.
In the present research, in order to get familiar to the factors of effect on the 3D nonlinear analysis of concrete elements under torsion, 14 experimental specimens studied under torsion by preceding researchers were modeled and analyzed nonlinearly, making use of ANSYS. Processing the outcomes, all results were compared with the relevant conclusions obtained by those researchers.
Specimens
As mentioned before, 14 specimens were made in this research, which were tested under torsion in the laboratory. Table 1 contains the properties of the cross section, length, and the longitudinal and transverse reinforcement of specimens, and also those of concrete and reinforcing steel.
Modelling and nonlinear analysis of specimens
In order to model and analyze the specimens with nonlinear finite element, ANSYS software was used. All specimens were modeled with Solid elements dimensionally similar to the laboratory specimens. SOLID65, one of the elements mostly used for the modeling of concrete volumes with or without reinforcement, was used for the concrete material because of the capability of modeling cracks in tension as well as crushing in compression (ANSYS 2007). In this element, there exists 8 nodes with 3 DOFs at each node, and reinforcement can be included in three perpendicular directions, identified by the volume ratio of the reinforcing steel. This property is used to model the transverse reinforcement of specimens under pure torsion. For the sake of more precision, the volume of each specimen in the model was broken into small parts such that the transverse reinforcing bar was separately modeled. The cross section of the beam consists of smaller parts around the transverse reinforcing bars such that the majority of the volume of each part is occupied by the bar. The longitudinal bars were defined using Link8 element (ANSYS 2007) and continuously connected to solid elements representing concrete with common nodes.
Study of reinforced concrete with software
Many methods have been developed to study the nonlinear behavior, i.e. plasticity and fracture of concrete (Chen 1982) . Some methods to distinguish cracking and to analyze specimens up to rupture threshold include smeared cracks and the predetermined cracks model (Kachlakev 2001 ). In the present study, the smeared cracks model is elucidated.
Because of the inherent nonlinearity in the mechanical behavior of concrete, the analysis of a concrete element is nonlinear from the very beginning. However, in the nonlinear analysis procedure, a reinforced concrete element can be analyzed either linearly or nonlinearly. 
Material description
To define concrete material in ANSYS, the following parameters are necessary: Shear transfer coefficient in open crack, shear transfer coefficient in closed crack, uniaxial tensile cracking stress, and Uniaxial crushing stress.As recommended by previous researches, the shear transfer coefficient in closed cracks must be taken close to unity, e.g. 0.99 (Kachlakev et al. 2001; Talaeitaba 2003) .
The stress-strain relation for reinforcing steel can be approximated as bilinear or multilinear curve. In the present study, the multilinear relation with isotropic hardening was used. The corresponding strengths of steel and concrete, the characteristics of the stress-strain relations such as yield-point and rupture strains, elasticity and rupture moduli were extracted from the relevant references and standards (ACI 2005; Talaeitaba 2003).
Crack propagation
When the stress at a Gauss point along either of the directions reaches the cracking stress along that direction, the element is considered as cracked along the direction perpendicular to that direction.
Parameter t β is very important parameter that indicates the relation between shear stresses and strains in any cracked element. This is a very effective parameter in the analysis of a specimen under torsion, which is also highlighted by other researchers in this field (Salom et al. 2004 Moreover, torsional stiffness of the cross section concrete, in a real specimen, is severely reduced after cracking.
Support conditions, meshing, loading, and analysis of specimens
The specimens were meshed after geometric modeling. Since the size of elements directly affects the duration and arithmetic work done by the computer, this effect was assessed in a number of models. The maximum size of the elements was considered 30 mm. In fact, the sizes assigned to elements ranged from very small to big sizes. The end of each specimen was assumed to be torsionally clamped. Thus, all models, either finite-element or laboratory models, were cantilever beams. In the laboratory, the clampedend condition was adjusted so that the longitudinal movement of the beam was completely free. To reach this end, all joints at the end of the beam were fixed against moving along the two perpendicular directions in the plane of the support, and released along the length of the beam.
To exert torsion on the specimens, the load was applied on the nodes of the plane containing the free end of the beam in the form of two forces equal in magnitude and with opposite senses, as a couple.
In order to prevent premature fractures due to stress concentration at either end of the beam, the elements which included the loaded joints were defined to be devoid of cracking and crushing while other properties are the same as in other concrete elements.
To perform the analysis, the load was applied incrementally in several substeps by using the Automatic Sub stepping capability in software.
Results and discussions
After preprocessing the models and adjusting the nonlinear analysis parameters, including the number of substeps, the convergence criterion, and the tolerance of calculation, the models were analyzed. To have assurance about accuracy of the results, the following hints are worth being reminded of:
• The most influential parameters in the analysis procedure were recognized based on the comprehensive studies worked in Ref. 6, 8, and 18 . Numerous analyses were carried out for each specimen, in which the most important factors of influence such as t β , mesh size, and the loading manner were changed to a large extent (in the allowable region).
•
All results were compared and verified with those obtained from experiments. The outcomes were satisfactorily dependable.
Cracking status:
Fig . 1 shows the onset of cracks in a specimen on any of the four sides of the cross section. As shown in the figure, cracks begin to progress on the greater side. This phenomenon can also be observed in the previous works. On the other hand, opening and fracture occurs in one of the initial cracks. The cracking shape and the crack developing trend along the length of the specimen were studied for all models. It was observed that, in all specimens, from the cracking initiation until the fracture instant, i.e. the last sub step before divergence of the solution, the principal stresses and strains increased around the initial cracked zone. This was explained in the works of many other researchers among the references used in this research. Moreover, the crack-line angle conformed quite well to the results obtained by other researchers since it was observed to be about 45º.
Ultimate load
The cracking and fracture torques in each experimental and finite-element specimen are included in Table 2 .
Furthermore, in the present research, the cracking and fracture torques are calculated in conformity with ACI318 equations.
It can be observed from this table that the mean amounts of the two ratios are 0.78 and 0.79 for the cracking torque, and 0.85 and 0.88 for the ultimate torque (torsional capacity). On the other hand, both ratios in table 2 are close to unity in the case of FEM solution. Therefore, both cracking and fracture torques are evaluated satisfactorily correct.
Torque-torsional rotation curve
The torque vs. torsional rotation curves for the laboratory specimens as well as FEM models are shown in Figure 2 .
The above figures reveal the following results:
• The linear part is consonant with experiment in most cases.
• In most cases the cracking torque conforms satisfactorily to that obtained from experiment.
• In all curves, the post-cracking zones pertaining to reduced torsional stiffness have been obtained with more error than those from experiment. This is because the reduction in the stiffness matrix of reinforced concrete elements.
Therefore, the behavior of FEM specimens after the peak of torque-rotation curves is problematic. It seems that one of the reasons behind this problem is considering large deformations in ANSYS because this option does not function for the SOLID65 element. It is noteworthy that nonconstrained torsion, especially torsion of reinforced concrete members must be studied based on the large deformation theory [19]. 
Concluding remarks
The convenience of modeling and nonlinear analysis of reinforced concrete beams under pure torsion was studied using ANSYS software. The study was carried out by modeling an analyzing 14 specimens which had been studied by other researchers, making use of the SOLID65 element in software. Each specimen was loaded monotonically up to the fracture threshold. The same specimens were also analyzed using the method put forward by ACI318 to obtain their torsional capacities. The most important outcomes are as follows:
• By using FEM analysis, the cracking and fracture torques could be evaluated with reasonable accuracy. The torsional capacity with this method was even more precise than that obtained using the method explained in ACI318.
•
The torsional cracking shape and the crack developing trend were predicted accurately up to the fracture threshold. In the rising parts, the torque-rotation curves were consonant with those obtained from experiment for all specimens. However, in the post-cracking zone, in which torsional stiffness of the beam decreases significantly, the analysis encountered convergence trouble. This happens because of the strict sensitivity of the "smeared cracks" model in nonlinear analysis under torsion, towards the shear transfer coefficient in open cracks, t β . Small values of t β induces severe reduction in shear stiffness in the stiffness matrix and shear instability on the crack surface. Another reason behind this trouble seems to be making use of the large deformation option in the analyses, which is inapplicable for the SOLID65 in ANSYS.
